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Abstract

We investigate a method for determining b nature of a neutral Higgs boson or spin-zero
resonancep at a future lineae™e collider (ILC) in its ® — 1~ 1" decay channel. Our
procedure is applicable if the production vertex of the Bipgpson can be measured. This
will be the case, for example, for the Higgs-strahlung pssege — Z+ ®. We show
that the method is feasible for both the leptonic and thedradrl-prong tau decay modes,
™ = 1 fvr v, 18 = a, pt, - X
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I. INTRODUCTION

Recently, the ATLAS and CMS experiments reported the disgowf a neutral boson of
mass~ 126 GeV at the LHC 1|:|2] The experimental findings disfavoe pption of a
spind = 1 resonance. The experimental resﬁsﬂl 2] are compatiitiethe hypothesis of
identifying this resonance with the Standard Model (SM)dditposon; however, much more
detailed investigations will be necessary to establishabnjecture. The investigations of the
properties of this resonance will probably be possiblealtHC to a large extent.
A high-energy lineae"e™ collider would be an ideal machine to investigate the proger
of this resonance, i.e., its couplings, decay modes, spohC®& parity, in great detail (and,
of course, also of other, not too heavy resonances of sityiberif they exist). As it is likely
that the ATLAS and CMS resonance is a spin-zero (Higgs) bosna may revert, for as-
sessing the prospects of exploring this particle at a futnear collider, to the many existing
phenomenological investigations, within the SM and manysoéxtensions, of Higgs-boson
production and decay ia"e~ collisions. As to the prospects of exploring the spin &l
properties of a Higgs boson, there have been a number of gatgpand studies, including
] that are relevant for Higgs-boson production andaglet a linear collider.
In this workshop contribution we apply a meth@[@ 27] foe determination of the CP
properties of a neutral spin-zero (Higgs) bosbrin its 7717~ decays to the production of
® at a futureete linear collider (ILC). For definiteness, we consiggre™ — Z®, but the
analysis outlined below is applicable to any otkdeproduction mode. In our analysis all
major 1-prongr decays are taken into account. We demonstrate that the @rties ofd
can be determined with our method in an unambiguous way.

II. CROSS SECTION AND OBSERVABLES

Here we consider the production of a neutral Higgs bo®oor, more general, of a spin-
zero resonance of arbitra@P nature by the Higgs-strahlung process in high energy”
collisions:

ee -Z+D. (1)

For definiteness, we usap = 126 GeV in the following. The following remark is in order
here. As is well known, for a pure pseudoscalar bo®cea A, the AZZ vertex must be loop-
induced. We assume here, for the sake of choosing a defipiproduction mode, thak1)
applies also to the production of a pure pseudoscalar.

ForZ boson decays into an electron or a muon pair, the precises&oation of the produc-
tion vertex and of the 4-momentum of tdeboson will be possible. As t®, we consider

4 The strength of the loop-inducé@Z vertex was investigated for a number of SM extension@L [29]



here the decay mode into tau pairs, with subsequent 1-promtgcays:
dT1 Tt saa +X, (2)

wherea® = {e*, u*, "} andX denotes neutrinos and, possibly, neutral pions. We assume
that the tau-decay mode of tiiehas a reasonably large branching fraction, which is the case
in the Standard Model and in many of its extensions. Theacteyn of a Higgs boso® of
arbitraryCP nature °¢ = 0T+, J© = 0+, or CP mixture) tot leptons is described by the
general Yukawa Lagrangian

H = —(V2Gp)Y2m; (a; TT 4 b TiysT) D, 3)

whereGg denotes the Fermi constant amd b; are the reduced Yukawa coupling constants.
In the following we take into account ifl(2) the main 1-prandecay channels

T — |l +v+vg,
T — ag+Vvy— m+2m0+ vy,
T = p+Vr— m+m+ vy,

T — T+ V;. (4)

Our method that will be applied in the following does not rieguhe knowledge of the

rest frame. Therefore we can include also the leptordecays in our analysis for which the
presence of two, respectively four neutrinos would preeltie reconstruction of the* rest
frames. We do not consider herelecays into 3 prongs, for instante— a; — 3 charged
pions, because in this case the reconstruction ofrtfieur-momentum should always be
possible. This would considerably facilitate the measwenetof the tau spin correlations that
will be discussed below. (A corresponding analysistgsroduction at the LHC was made in
[@].) As an aside, we remark that it will be helpful, but nesential for future experimental
analyses if the different hadroniedecays can be experimentally distinguished.

Our method to determine ti@&P properties of a spin-zero boson was first developed for the
case of® production inpp collisions at the Large Hadron Collider iEZG] and was then
applied to an analysis that included the combination of gdtdngt decay channels in [27].
The method is based on the fact that@equantum number of a neutral spin-zero resonance
® can be determined in a definite way throughtits ™ mode by measuring the twospin
correlationsS=s;- - s;+ andScp = K¢ - (S;- x ¢+ ), wherek; = k;/|k¢| is the normalized

T~ momentum vector in the zero-momentum frame (ZMF) of the " -pair EE‘S] For a
scalar®, the expectation value @is (S) = 1/4, whereas for a pseudoscalés) = —3/4.
TheCP-odd andT-odd spin correlatioty:p probes whether or n@b is a mixedCP state. If

® is aCP mixture, i.e., if the neutral Higgs sector violateP (that is,a;b; # 0 in (3)), then

a non-zero expectation value &fp is generated already at tree Ie\BI [5] and can be as large
as 0.5.



The spin of ther can not be measured directly; however it induces, in thetsgacof po-
larized tau decay®™ — a*, a correlation with the direction of flight of the charged tjze
at:
1 dr (r7(s7) —a’t(gq™) +X)
M (rF —aft+X) dE,+dQq+/(4m)

= n(Ear) (1ib(EaTr>§]F‘qu)- (5)

Here,§T denote the normalized spin vectors of theandg™ the direction of flight ofa™

in the respectiva rest frame. The functiob(E;) encodes tha-spin analyzing power of
particlea. The correlation of the-spins,§" -5, leads to a nontrivial distribution of the
opening angle/(§*, §~), whereas th€P-odd observablé - (87 x &) induces the triple
correlationk - (% x ). The strength of these correlations depends, for a givengtin of
the reduced Yukawa couplings, b, on the producb(E,- )b(E,+ ), while n(Eg-)n(Eg+) is
responsible for the rate af 1~ decay intoa*ta’~ final states.

In order to use these observables in an experimental asabys has to be able to reconstruct
the 7™ anda®™ momenta in tha® and® rest frames. This is, in general, not possible for the
leptonic t-decay channel and very difficult in the case of hadrandecays, because at a
linear collider beamstrahlung effects can shift the ihit@nter of mass energy by a large
amount. In ] it was shown that one can, nevertheless trariexperimentally accessible
observables that have a high sensitivity to @ quantum numbers of th#. The crucial
point is to employ the zero-momentum frame of gi&~ pair. The distribution of the angle

¢* = arccogi’" - A7) (6)

discriminates betwee@P = +1 states. Herélji are normalized impact parameter vectors
defined in the zero-momentum frame of tiiea’~ pair. These vectors can be reconstructed
[@] from the impact parameter vectofis measured in the laboratory frame by boosting
the 4-vectormi = (0,fA) into thea~a™ ZMF and decomposing the spatial part of the
resulting 4-vectors into their components parallel andoeedicular to the respective™

or IT momentum. We emphasize thit defined in Eq.[(B) is not the true angle between
the t decay planes, but nevertheless, it carries enough infmad discriminate between
CP-even andCP-odd Higgs bosons. The role of tli@P-odd andT-odd triple correlation
introduced above is taken over by the triple correlatigip = p* - (A" x i1™) between the
impact parameter vectors just defined and the normaéizechomentum in the&'—a™ ZMF,
which is denoted byp* . Equivalently, one can determine the distribution of thglarfi26]

Yip = arccogp” - (AT x A17)). (7)

Before presenting results we would like to point out theadighce of our method as compared
to a previous analysis of how to determine @fe parity of a Higgs boson inits* 1~ decays

at a linear collider. Refs@@Z] analyzed the hadrongrdng decayr — pv. The observ-
able used by these authors, namely the acoplanarity angle@ft andp~ decay planes,
requires the reconstruction of tlie" p~ ZMF, i.e., the measurement of thie" and ther®
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momenta, and the reconstruction of approxin&taest frames. As emphasized above, our
method is applicable to all 1-prongdecays, in particular — .

. RESULTS

For predicting the distributions of the observalbfgsand Y%, for a specific-decay mode
@), in terms of the unknown reduced Yukawa coupliag®;, one needs to know the spectral
functionn(Ey) and in particulab(Ey), which determines, as mentioned, the tau-spin analyz-
ing power of particlea™ = |*, * and therefore the shapes of e and i, distributions.
For the purpose of our analysis, the major 1-prardecays[(#) can be considered to be ex-
perimentally well established Standard Model physics, thedespective spectral functions
are known within the SM to sufficient accuracy, ' [, 27Hlaaferences therein.

At alineare™e™ collider, a Higgs boso produced by the Higgs-strahlung procéss (1) will
have on average a much larger transverse momentum as cahipabeproduction at the
LHC by its major production modgg — ®. This calls for a study — independent of the
LHC analyses Eb?] — of the question how DR properties of a (pseudo)scalar boson
are reflected in the distributions ¢f andyp. In addition, for future experimental analyses,
differences between LHC and ILC can be expected from thetfiattthe ILC detectors will
be able to measure thedecay products at transverse momenta as small as about 10 GeV
As outlined above, our method is based on the reconstructithe normalized spatial impact
parameters of the-decay products with respect to the production vertex oHiggs boson.

In the Higgs-strahlung processe™ — ® + Z at the ILC the normalized impact parameters
can be reconstructed for events where Zh@oson decays into electron or muon pa#s;
ete , utu~ and ford — 11 decays with sufficiently long-decay lengths. Here, we use
this process to study thg" and (i3, distributions. We apply the following acceptance cuts
appropriate for the ILC:

P > 10GeV,
15’ < 6 < 165.

Let us first consider the decayst+ — |~ 1I""4v, wherel,|” = e, u. The functionsi(E;) and
b(E)), whereE, is the energy of in the t rest frame, are shown in Figl 1a. The function
b(E;), which determines the correlation of tnespin with the momentum df changes sign
atE, = m;/4. For a Higgs boson with specifi€ZP parity (and specified reduced Yukawa
couplings), the sign of the produbtE,)b(E/) determines the functional form of thg*
distribution and in particular the sign of the associatedrasetry
_ N(¢*>m/2) —N(¢* < 11/2)
"~ N(¢* > m/2) +N(¢p* < m/2)
As an illustration we apply the cl; > m;/4 in ther rest frames to allow only for contri-
butions withb(E;) < 0. The resulting normalized* distributions are shown as black dotted

Ag+ (8)
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Figure 1: (a) The spectral functiom$E, ) andb(E,), Eq. (8), for the leptonia decays. The function
n(E) is given in units of GeV'!. (b) Normalized¢* distribution for al*I’~ final state for a Higgs
boson with mass of 126 GeV produced.as = 250 GeV. Scalap = H, pseudoscalap = A. The
dashed lines show the distribution if no cuts are applieg stiiid lines refer to the case where a cut
EP-"est> 20 GeV was applied on both lepton energies in the Higgs rastdr The dotted lines show
the results for the ideal c@&' "> m; /4.

linesin Fig[db. For £€P-odd boson it has its maximumét = 0 and its minimum ap™* = m,
while for aCP-even boson (red dotted line) the distribution is flippg¢d <~ m— ¢*. If one
applies instead, either far” or T~ decay (but not for both), the c& < m; /4 which leads to
b(E;) > 0, the behavior of thel andA distributions with increasing * will be interchanged.
The magnitude of the resulting asymmetry (8) becomes smadleause the maximum of
|b(E;)| is smaller forg; < m;/4 than the maximum ofb(E; )| for E; > m;/4. In addition,
with the cutE; < m;/4 the total decay rate is smaller than #r> m; /4. This would make
a measurement more difficult. Without a cut on the lepton gnehe asymmetry of the
normalizedg *-distributions is reduced, but remains non-zero becauwesawaraging over the
different signs ob(E,) is weighted by the spectral functioniE,) displayed in Figllla. The
result is shown in Fid.J1b (dashed lines, black for a psewslasaed for a scalar boson).
Obviously, it would be an advantage if one could apply a cuEpto separate the contribu-
tions that involve different signs df(E; ). However, this would require to reconstruct the full
T 4-momentum in order to perform the necessary boost inta ttest frame. On the other
hand, the energy of the leptbrn the Higgs rest frameEl“’, is correlated with the enerdy

in the T rest frame and a cut on the former can enrich the event sanifiiewents in the de-
sired range of the latter. The Higgs rest frame can, in factebonstructed for the production
processete” — @+ Z, because th&-boson 4-momentum is known fa — e, 4 decays,
provided that initial state radiation is negligible or camdorrected for. This should be the
case at least for the TESLA desi@[SO]. In Hig. 1b we show &seilting¢™ distributions



with a cutEl‘D > 20 GeV applied to both leptons fromt decay. The solid black line (solid
red line) shows the distribution for@P-odd (CP-even) Higgs boson. The sensitivity of the
distributions to theCP parity of ® is clearly enhanced compared to the case where no cut is
applied (dashed lines). These distributions are only #lidess sensitive than those with the
ideal cutg"®'> m; /4 (dotted lines).

In the 2-body decay — mm+ vy, the imis monochromatic in the rest frame. (ltst-spin
analyzing power is maximal.) A cut on the energy of the chag®ng, i.e., of the charged
pion, is very important for the hadronic 1-prong decays— p*v — it + v andt* —

a;v — 1+ 2rPv. For example, for the decay™ — 1= + 1, the functionb(Ey) changes
sign within the range dE; (see, e.g., Fig. 4a iﬁ?]) and tipe distributions for both a scalar
and a pseudoscalar boson turn out to be flat if no cut was appliee same is true for the

T — a; decay mode. As in the case o= |, a cut on the energy of the charged pion in the
Higgs-boson rest frame such tH#E;;) is either positive or negative for the selected events
significantly enhances the discriminating power ofielistribution. Provided that the event
rate is large enough, a value fﬁﬁcut may be chosen such as to optimize the separation of
events with positive and negatibéE;;), and both sets of events could be used to determine
theCP nature of®.

(@) H- I'p*+3v (b) H- I'p"+3v
e o S LB e
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Figure 2: Influence of a cut on the energy of the charged pidn+p final states for a scalar boson
@ = H with a mass of 126 GeV produced @b = 250 GeV: (a) on thg@* asymmetry, (b) on the cross
section. The black full lines correspond to applying theEfit< E,“chut, while the red dashed lines are

for Ef > Eqcur

We illustrate this in Fig.12 for the decay — |~ p™ + 3v of a scalar boson. The effect can be
quantified by calculating the associated asymmeéiry (8).dested red line in Fi¢l 2a shows
the asymmetry for events with? > Eff.. The valueEg., = 0, not shown in the figure,
corresponds to the case without cut. In this case the asymisetather small; applying
a cut, the asymmetry increases to almed®2% for E?{Cm = 35 GeV. However, increasing
E?chut will decrease the cross section as shown in [Hig. 2b. (Thes@estion was computed
for the Standard Model Higgs boson.) Without any cut the £iEsction is about. & fb; it
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Figure 3: Normalized)i, distribution forlp final states for different types of Higgs bosons with
mass of 126 GeV produced afs = 250 GeV. A minimum cut on ther" energy of 25 GeV in the
Higgs rest frame was applied.

decreases to.R fb for the cutE,qchUlt =45 GeV.

On the other hand, the complementary redih< E,“chut leads to a positive asymmethy

for cut values< 35 GeV due to the fact th&é( E;;) has changed sign. For small valuesaf
one findsAy- ~ 4-9%, but the cross section is tiny, aboud® fb. The asymmetry decreases
to almost—2% for E,"chut =45 Ge\V. It is clear that a judicious choice of this cut, takingp
account experimental conditions and the available luniipas required to reach an optimal
discrimination between @P-even andCP-odd boson.

The ¢* distribution is well suited to distinguish betwe€®-even andCP-odd states. How-
ever, if the Higgs boson is@P-mixture, or if there would exist two (almost) mass-degeater
bosons that escape experimental resolution, one of wheGRa@arity +1 and the other one
—1, the¢* distribution would be flat, assuming the cross sections heemparable magni-
tude. The distribution with respect to the anglg defined in Eq.[{I7) would be appropriate
to resolve these scenarios. A typical result is shown inFighich applies to the decay chain
® — 171~ — |~ " + 3v via hadronict — p decay. The solid blue line shows the normal-
ized * distribution of a maximallyCP-mixed boson |@;| = |b;| > 0) and we have chosen
ar = —b;. For the scenario of mass degenerate bosons with opgeRifarities they:p
distribution is shown by the horizontal dashed black linke @otted blue line corresponds to
the case of a non-maximal mixture with reduced Yukawa coggla; = —2b;. If a; andb;
have the same sign, the distribution is flippgg, < m— 5. The resulting asymmetry of
the Y&y distribution will clearly be observable, provided the eteates are large enough.
We have also performed a Monte Carlo study to estimate thertacty of the measurement
of the impact parameters. We applied a simple Gaussian 8rgesith Gimpact= 25 ]
on the direction of the normalized impact parameter vectdfs found that thep* and y&p
distributions are only mildly affected by such an unceftain



IV. CONCLUSIONS

Using the method 0@&7] we have shown that the CP natueengfutral Higgs bosot
produced at a future linear e~ collider can be determined in a definite way in thes 7717~
decay channel with subsequent 1-prandecays. We have considered the productiodof
with masang = 126 GeV by the Higgs-strahlung process, but our method canba applied
to Higgs bosons with other masses and to any othproduction mode. Our approach does
not require the knowledge of therest frames; therefore, all 1-prongdecays, including
T — | can be used. The joint measurement of the distributions sswtated asymmetries of
the anglesp* andyi%, allows to discriminate between a number of scenarios, sdwéich
were discussed above. For a statistically significant detextion of theCP parity of ®, only
very few 1-prong events are required. We will elaborate @mahd on other related issues in
future work [31].

Acknowledgments

The work of S. B. is supported by the Initiative and Netwogkifund of the Helmholtz Asso-
ciation, contract HA-101 (‘Physics at the Terascale’) anthie Research Center ‘Elementary
Forces and Mathematical Foundations’ of the JohannesrBetg-Universitat Mainz. The
work of W. B. is supported by BMBF.

[1] G. Aadet al. [The ATLAS Collaboration], “Observation of a new particke the search for the
Standard Model Higgs boson with the ATLAS detector at the L'H@€Xiv:1207.7214 [hep-eX].
[2] S. Chatrchyaret al. [The CMS Collaboration], “Observation of a new boson at asmasl25
GeV with the CMS experiment at the LHC,” arXiv:1207.7235gkex].
[3] J. R. DellAquila and C. A. Nelson, Phys. Rev.33(1986) 93.
[4] J. R. Dell’Aquila and C. A. Nelson, Nucl. Phys. #0(1989) 61.
[5] W. Bernreuther and A. Brandenburg, Phys. LetBB!1(1993) 104.
[6] A. Soniand R. M. Xu, Phys. Rev. B8 (1993) 5259|[hep-ph/9301225].
[7] V.D. Barger, K. Cheung, A. Djouadi, B. A. Kniehl and P. Me&vas, Phys. Rev. B9 (1994) 79
[hep-ph/9306270].
[8] K. Hagiwara and M. L. Stong, Z. Phys. &2 (1994) 99 [hep-ph/9309248].
[9] T. Arens, U. D. J. Gieseler and L. M. Sehgal, Phys. Let83(1994) 127 [hep-ph/9408316].
[10] A. Skjold and P. Osland, Phys. Lett.39(1994) 305|[hep-ph/9402358].
[11] T. Arens and L. M. Sehgal, Z. Phys.85 (1995) 89 [hep-ph/9409396].
[12] A. Skjold and P. Osland, Nucl. Phys.453(1995) 3 [hep-ph/9502283].
[13] S. Bar-Shalom, D. Atwood, G. Eilam, R. R. Mendel and AnE®hys. Rev. 53 (1996) 1162


http://de.arxiv.org/abs/1207.7214
http://de.arxiv.org/abs/1207.7235
http://de.arxiv.org/abs/hep-ph/9301225
http://de.arxiv.org/abs/hep-ph/9306270
http://de.arxiv.org/abs/hep-ph/9309248
http://de.arxiv.org/abs/hep-ph/9408316
http://de.arxiv.org/abs/hep-ph/9402358
http://de.arxiv.org/abs/hep-ph/9409396
http://de.arxiv.org/abs/hep-ph/9502283

[hep-ph/9508314].

[14] B. Grzadkowski and J. F. Gunion, Phys. Lett380(1995) 218|[hep-ph/9501339].

[15] J. F. Gunion, B. Grzadkowski and X. -G. He, Phys. Revt.L&t(1996) 5172 [hep-ph/9605326].

[16] W. Bernreuther, A. Brandenburg and M. Flesch, Phys. R&6 (1997) 90 [hep-ph/9701347].

[17] S. Bar-Shalom, D. Atwood and A. Soni, Phys. Lett4B9(1998) 340 [hep-ph/9707234].

[18] B. Grzadkowski, J. F. Gunion and J. Kalinowski, Phys.vR® 60 (1999) 075011
[hep-ph/9902308].

[19] S. Y. Choi, D. J. Miller, M. M. Mubhlleitner and P. M. Zensa Phys. Lett. B553 (2003) 61
[hep-ph/0210077].

[20] G. R. Bower, T. Pierzchala, Z. Was and M. Worek, Phys.t.L& 543 (2002) 227
[hep-ph/0204292].

[21] K. Desch, Z. Was and M. Worek, Eur. Phys. 22€(2003) 491 [hep-ph/0302046].

[22] K. Desch, A. Imhof, Z. Was and M. Worek, Phys. Lett5B9(2004) 157 [hep-ph/0307331].

[23] E. Accomandct al., hep-ph/0608079.

[24] P. S. Bhupal Dev, A. Djouadi, R. M. Godbole, M. M. Muhtieér and S. D. Rindani, Phys. Rev.
Lett. 100(2008) 051801/ [arXiv:0707.2878 [hep-ph]].

[25] S. Berge, W. Bernreuther and J. Ziethe, Phys. Rev. [16@.(2008) 171605/ [arXiv:0801.2297
[hep-ph]].

[26] S. Berge and W. Bernreuther, Phys. Lett6 BL (2009) 470/larXiv:0812.1910 [hep-ph]].

[27] S. Berge, W. Bernreuther, B. Niepelt and H. Spiesbergdrys. Rev. D84 (2011) 116003
[arXiv:1108.0670 [hep-ph]].

[28] R. M. Godbole, C. Hangst, M. Muhlleitner, S. D. RindamidaP. Sharma, Eur. Phys. J. T
(2011) 1681/[arXiv:1103.5404 [hep-ph]].

[29] W. Bernreuther, P. Gonzalez and M. Wiebusch, Eur. Phy€.69 (2010) 31 [arXiv:1003.5585
[hep-phl]].

[30] R. Brinkmann, (ed.), K. Flottmann, (ed.), J. Rossbdell,.), P. Schmueser, (ed.), N. Walker,
(ed.) and H. Weise, (ed.), “TESLA: The superconducting tebecpositron linear collider with
an integrated X-ray laser laboratory. Technical desigonte@t. 2: The accelerator,” DESY-01-
011.

[31] S. Berge, W. Bernreuther, and H. Spiesberger, in pedjoar.

10


http://de.arxiv.org/abs/hep-ph/9508314
http://de.arxiv.org/abs/hep-ph/9501339
http://de.arxiv.org/abs/hep-ph/9605326
http://de.arxiv.org/abs/hep-ph/9701347
http://de.arxiv.org/abs/hep-ph/9707284
http://de.arxiv.org/abs/hep-ph/9902308
http://de.arxiv.org/abs/hep-ph/0210077
http://de.arxiv.org/abs/hep-ph/0204292
http://de.arxiv.org/abs/hep-ph/0302046
http://de.arxiv.org/abs/hep-ph/0307331
http://de.arxiv.org/abs/hep-ph/0608079
http://de.arxiv.org/abs/0707.2878
http://de.arxiv.org/abs/0801.2297
http://de.arxiv.org/abs/0812.1910
http://de.arxiv.org/abs/1108.0670
http://de.arxiv.org/abs/1103.5404
http://de.arxiv.org/abs/1003.5585

	I Introduction 
	II Cross section and Observables  
	III Results
	IV Conclusions
	 Acknowledgments
	 References

